ABSTRACT: The present work is concerned with the accurate modeling of transport airplanes. This is of primary importance to reduce aircraft development risks and because multi-disciplinary design and optimization (MDO) frameworks require an accurate airplane modeling to carry out realistic optimization tasks. However, most of them still make use of tail volume coefficients approach for sizing horizontal and vertical tail areas. The tail-volume coefficient method is based on historical aircraft data and it does not consider configuration particularities like wing sweepback angle and tail topology. A methodology based on static stability and controllability criteria was elaborated and integrated into a MATLAB application for airplane design. Immediate advantages with the present methodology are the design of realistic tail surfaces and properly sized airplanes.
ABSTRACT: The present work is concerned with the accurate modeling of transport airplanes. This is of primary importance to reduce aircraft development risks and because multi-disciplinary design and optimization (MDO) frameworks require an accurate airplane modeling to carry out realistic optimization tasks. However, most of them still make use of tail volume coefficients approach for sizing horizontal and vertical tail areas. The tail-volume coefficient method is based on historical aircraft data and it does not consider configuration particularities like wing sweepback angle and tail topology. A methodology based on static stability and controllability criteria was elaborated and integrated into a MATLAB application for airplane design. Immediate advantages with the present methodology are the design of realistic tail surfaces and properly sized airplanes. Its validation was performed against data of five airliners ranging from the regional jet CRJ-100 to the Boeing 747-100 intercontinental airplane. An existing airplane calculator application incorporated the present tail-sizing methodology. In order to validate the updated application, the Fokker 100 airliner was fully conceptually designed using it. 
INTRODUCTION
It is of fundamental importance for any optimization framework tailored to airplane design the use of realistic airplane models. If the disciplines that are embedded in the airplane modeling are not accurate enough, it makes no sense performing any optimization tasks, because the resulting planes may be unviable to develop or deliver an acceptable performance. Thus, the present work is concerned with the development of a computational tool able to properly model transport airplane configurations. An existing computational tool that was christened Aeronautical Airplane (AA) was enhanced with an improved approach for tailplane sizing (Mattos and Magalhães, 2012) .
Tail surfaces are used to both stabilize the aircraft and provide control authority that is needed for maneuver and trim. For a conventional aircraft configuration, the tail often has two components, the horizontal and the vertical tails. The primary functions of these components are: take care of airplane trim and stability, and provide control by the elevator and rudder surfaces which are associated with the horizontal and vertical tails, respectively.
With regard to aircraft stability, the purpose of horizontal tail (HT) is to maintain the longitudinal stability; while the vertical ones is responsible for keeping the directional stability. Here, we refer to two stability concepts: static and dynamic. Aircraft static stability is defined as the tendency of an aircraft to return to the original trimmed conditions if diverted by a disturbance. Major disturbance sources are gusts and pilot inputs on the controls. On the other hand, the dynamic longitudinal one is related to the motion of a statically stable airplane, the way that it will return to equilibrium after suffering some kind of disturbance. Basically, there are two primary forms of longitudinal movements with regard to an airplane attempting to return to equilibrium after being disturbed. The first one is the phugoid mode of oscillation, which is a long-period and slow oscillation of the airplane's flight path; the second is a short-period variation of the angle of attack. Usually, this oscillation decreases very quickly with no pilot input (Centennial of Flight, 2011) . However, the Centennial of Flight website introduces some misconceptions about Dutch roll, when it states that: "Dutch roll is a motion exhibiting characteristics of both directional divergence and spiral divergence. " Therefore, Dutch-roll basic cause is the unbalance between lateral and longitudinal stabilities, when the latter is considerably lower than the first one.
The tail surfaces of transport airplanes are usually designed to obey static stability criteria. If some undesirable dynamic behaviors become evident during a flight test campaign, fixes are provided to overcome the problems. Typical fixes are dorsal and ventral fins, vortex generators, strakes, and in some extreme cases, stablets. The results obtained with an in-house application for tailplane sizing corroborate this statement, as will be shown in the next sections of this work.
As to the controllability topic, it can be stated that an airplane is fully controlled when a flight condition may be changed in a finite time by appropriate control inputs at any new flight condition. In general, a system is considered controllable if it can be transferred from selected initial conditions into chosen final states. The controllability thus describes the influence of external inputs (in general, the controlled variables) to the inner system state. About this, an important distinction must be made between output and state controllability. Output controllability is the notion associated with the system output; the output controllability describes the ability of an external input to move the output from any initial condition to any final one in a finite time interval. No relationship must exist between state and output controllability. The state of a system, which is a collection of its variables values, completely shows the system at any given time. Particularly, no information on the past of a system will help to predict the future, if the states at the present time are known. Complete state controllability (or simply controllability if no other context is given) describes the ability of an external input to move the internal state of a system from any initial one to any other final in a finite time interval.
Concerning transonic airplanes, tail surfaces should be composed of low-thickness and/or higher sweep than that adopted for the wing, in order to prevent strong shocks on the tail in normal cruise. As required for certification regulations and safety purposes, transport airplane must dive in an emergency event occurring at high altitudes. The main reason behind this is to reach another one, where no onboard oxygen is needed for the passengers to breath. In this situation, for high-speed airplanes, the airflow over the wing becomes fully detached and the airplane counts just on the horizontal tailplane to depart from the dive. This provides a good reason for airflow remaining attached to HT at this high-speed condition. Former airplane design teams used to increase the HT quarter-chord sweepback angle relative to that figure of the wing (typically a 5 degrees plus). Although providing higher sweepback angles to HT will mean a longer arm relative to center of gravity (CG) and a higher lift curve slope, modern multidisciplinary design and optimization (MDO) frameworks are able to find out the optimal planform and airfoil shapes for tailplanes. Thus, modern design airplanes not necessarily follow the +5 degrees rule to set such angle for the horizontal tail.
In order to keep weight and drag as low as possible, typical values for the maximum relative thickness for both HT and vertical tail (VT) lie in the range of 8 to 11%. Besides working with lower hinging moments, airfoil shapes for the HT shall present a very low maximum camber in order to avoid the generation of undesired induced drag and to maintain interference drag with the tailcone or the VT as low as possible. It is worth mentioning that the tailcone is a region of high decelerating airflow, and the thickness of boundary layer increases fast and dramatically. Thus, interference drag is a big issue when integrating conventional HTs into the airframe.
Typical aspect ratios for HT vary from four to five. T-tails present sometimes higher aspect ratios (5-5.5) to avoid aftengine/pylon wake effects (Sadraey, 2009) . Usual aspect ratios for VT range from 1.2 to 1.8 with lower values for T-tails. Taper ratios of about 0.4 to 0.6 are typical for tail surfaces, since lower ones would lead to unacceptably small Reynolds numbers (Sadraey, 2009) . T-tail vertical surface taper ratios are in the range of 0.85 to 1.0 to provide adequate chord for attachment of the HT and associated control linkages (Sadraey, 2009) .
A large variety of tail shapes has been employed on aircraft since the beginning of powered aviation in the early 20 th century. These include configurations often denoted by the letters whose shapes they resemble in front view: T, V, H, +, Y, inverted V. The selection of the particular configuration includes complex system-level considerations. Most of existing MDO frameworks for aircraft design makes use of tail volume coeffi cient or scaling factors approach for tailplane calculation. A relatively new example of this can be seen in the paper by Grundlach (1999) . Th e tail volume coeffi cient approach is based on statistical data and may lead to tailplanes that are unable to comply with stability and controllability requirements. In the present work, a more sophisticated and higher fi delity methodology for the design of tail surfaces was compiled from the specialized literature, then coded using MATLAB platform, validated by comparing calculated tail areas to those from some current airliners, and incorporated into an airplane calculator soft ware. Static stability and controllability criteria were used for the design of HTs and VTs of airplanes under consideration.
METHODOLOGY

AiRplAnE CAlCulATOR TOOl
AA is a MATLAB
® application that calculates transport airplane characteristics, performance, and layout. User must provide to it information regarding geometry, confi guration, topology, wing and tailplanes airfoils, range at given payload, passenger capacity, and engine data of the confi guration that is due to be analyzed. AA makes use of a wing-body full potential code with boundary-layer correction for wings employing the strip sense approach (Karas and Kovalev, 2011) . Th is code is known as BLWF and it is able to automatically generate a multi-block mesh from user-provided confi guration parameters. Th e approximate-factorization algorithm AF2 is used for marching in pseudo time (Holst and Th omas, 1982) . Aerodynamics coeffi cients are calculated using Roskam Class II methodology (Roskam, 2000a ) and Torenbeek's formulation to estimate divergence Mach number of wings and HTs (Torenbeek, 1982) .
Loads calculations are performed with BLWF for some points in the airplane operational envelope (Fig. 1) . Aft erwards, the calculated loads are used to estimate the wing structural weight applying Megson's method in some sections of the wingbox (Fig. 2) . Elastic deformation is well iteratively, since the loads will vary when the wing deforms (Fig. 3) . Th e procedure that was adopted for the wing-box sizing is described in Videiro (2012) . BLWF is also used in conjunction with XFOIL for the estimation of the C Lmax for the configuration under study. It is used to calculate the maximum lift coefficient of some sections along the wingspan and BLWF estimates the C Lmax of the configuration using those values in the technique of the critical section.
The turbofan engine model employed by AA is described in Loureiro (2008) , who developed a generic deck for turbofan engines based on Benson's work (Benson, 1995) . Fan diameter, bypass ratio, fan pressure ratio, engine parts efficiencies, design point, turbine inlet temperature, and overall pressure ratio are some input variables to this model. Typical outputs from the engine module are fuel flow and thrust.
AA also defines the fuselage cross section (Fig. 4 ) and the design diagram, the latter clustering several Federal Aviation Rules (FAR -from the United States), 25 performance conditions together, enabling a better comprehension of thrust and wing loading figures to fulfill requirements (Fig. 5) . Scholz (2011) provided several guidelines that were used to define the fuselage cross section as seen in Fig. 4 . The methodology that was employed to generate graphs like the one displayed in Fig. 5 is described in Roskam (2000) .
AA calculates fuselage geometry, CG envelope, engine thrust and consumption chart, operational envelope, direct operating cost (DOC), payload-range diagram, airplane flight mechanics, takeoff path, maximum takeoff weight (MTOW) with all airplane component weights, engine emissions, and noise signature.
It must be emphasized that AA does not enforce the airplane under study to obey the requirements in Fig. 4 , considering that it is indeed a transport airplane analysis tool, not a design one. If the intent is to design an airplane, AA can be without great effort easily incorporated into a design and optimization framework, considering that modern airplane conceptual design must make use of optimization tools.
EnhAnCED TAil Sizing mEThOD
Takeoff is a critical condition for tailplanes design, and therefore some relevant aspects of this flight phase are described in the following paragraphs. Figure 6 illustrates the takeoff segments for airplanes. V 1 is the takeoff decision speed, V R the rotation speed, V Lof velocity of liftoff, and V 2 is the flight speed over a hypothetical 35-feet obstacle. During the initial phase of the takeoff path, the airplane must be accelerated on the ground to V EF , at which point the critical engine must be made inoperative and remain like this for the rest of the takeoff. V 1 means the maximum speed in the takeoff at which the pilot must take the first action, such as: apply brakes, reduce thrust, deploy speed brakes, and stop the airplane within the accelerate-stop distance. It also means the minimum speed in the takeoff, following a failure of the critical engine at V EF , at which the pilot can continue it and achieve the required height above the takeoff surface within its distance (Boeing, 2009 ).
According to FAR 25.149, V mca is the calibrated airspeed at which:
• critical engine suddenly becomes inoperative;
• control of the airplane is possible to maintain; • maintain straight flight;
• bank angle shall be lower than five degrees; • V mca may not exceed 1.2 x V s .
The conditions for determination of V mca are:
• maximum takeoff thrust on remaining engines; • most unfavorable CG (usually aft CG), where the tail moment arm is the shortest); • aircraft trimmed for takeoff (takeoff flap setting);
• maximum TOGW; • most critical takeoff configurations along the flight path, except for landing gear retracted.
V mca is used for determining the minimum V R and V 2 . The V 2 must also be chosen in order to satisfy the second segment climb requirement. V mca must be lower than the V 2 and considering its importance for aircraft performance and safety operation, it was calculated after the tail surfaces had been obtained. For this purpose, the methodology elaborated by Cavanaugh (2004) was incorporated in the present work.
The main objective of the present paper was the calculation of the HT and VT areas through a higher fidelity method than that offered by the tail volume approach. In order to accomplish this, static stability and controllability criteria were employed for the design of the horizontal and vertical tails. The VT area is obtained by taking the larger one from that calculated employing both criteria, while the HT area is obtained with the procedure described previously. Stability derivatives that are needed for the calculation of HT and VT areas were obtained according to Roskam's methodology (Roskam, 1971) . Initial estimated values are required in order to start iterative processes for the HT and VT calculation. MATLAB's fsolve minimization algorithm was employed for the calculation of the tailplanes areas. Indeed, no optimization of the tail-plane areas was carried out with fsolve. This MATLAB ® tool is used to find out the tailplane areas, because they depend on several parameters and variables such as wing location along the fuselage. The incorporation of a more sophisticated methodology for the tail-plane sizing into AA poses a more complex task in the interactive process for MTOW calculation. The determination of the CG location is needed not only for the tail-plane area measurement, but also to position the main and nose landing gear, which is also dependent on the overall CG location, which will guide the wing placement in the configuration. The modified AA was employed to calculate the characteristics of an airplane similar to Fokker 100, a 107-seater airliner. By varying the quarter-chord wing sweepback angle, the impact on HT and VT areas was obtained.
BASElinE AiRplAnE
Fokker 100 is a medium size twin-turbofan airliner design and market by the extinct Dutch company, Fokker. It is a complete redesign of the Fokker F-38, which rivals the BAE 146. It had longer wings, and fuselage that would seat over 100 passengers and a "glass" cockpit featuring six large displays (World's Aircraft, 2013). In 1988, Fokker flew an uprated Rolls&Royce Tay 650 powered version, which American Airlines ordered 75 aircraft with 75 options. The baseline airplane that was chosen in the present work was Fokker 100 fitted with Rolls&Royce Tay 620 engines. hORizOnTAl STABilizER
Design for controllability
The aircraft trim must be guarantee three axes, x, y, and z, namely the lateral, longitudinal, and directional ones, respectively. When the summation of all forces in x direction (such as drag and thrust) is zero and of all moments including aerodynamic pitching moment about y axis is zero, the airplane is longitudinally trimmed.
HT can be installed at airplane tail-cone or on top of vertical tails. Some airplanes like the Piaggio Avanti business turboprop are fitted with foreplanes that are located at forward fuselage. Such foreplanes are known as canards.
The HT is responsible for maintaining longitudinal trim and making the forces summations to be zero, by generating a necessary lift and contributing in the summation of moments in y axis. When the summation of all forces in y direction (such as side force) is zero; and of all moments including aerodynamic yawing moment about z axis is zero, the aircraft is said to have the directional trim.
In order to trim longitudinally, we obtained the airplane seen in Fig. 7 . 
where x cg-ac is the ratio between the distance of aerodynamic center of the wing to CG and the mean aerodynamic chord of the wing (static margin). Equation 1 can be further developed and we can obtain Eq. 2:
Finally, an expression for the area ratio is derived (Eq. 3): 
Another form of Eq. 4 is as follows:
with Eq. 5:
and Cm 0h ~ 0, considering that horizontal stabilizers are composed of airfoil sections, which present maximum camber approximately equal to zero.
The combination h h w mac S l S c in Eq. 4 is an important nondimensional parameter for the HT design, and is referred to as the "HT volume coefficient" (Eq. 6). The name is originated from the fact that both numerator and denominator have the unit of volume (e.g. m 3 ). The numerator is a function of HT parameters, while the denominator is of wing parameters (Eq. 6): Table 2 shows typical V h figures for some aircraft types. The tail volume coefficient is an indication of handling quality in longitudinal stability and control. As the V h increases, the aircraft tends to be more longitudinally stable, and less longitudinally controllable. The fighter aircraft that is highly maneuverable tend to have a very low tail volume coefficient. Transport airplanes require a higher one because they are tailored to perform in a stable flight, for passenger and crew's comfort.
The V h parameter is a crucial variable in HT design and is selected at the early stages of aircraft conceptual phase. Although one of the primary functions of the HT is to provide longitudinal stability, the tail volume coefficient serves as a significant parameter both in the longitudinal stability and longitudinal trim issues (Sadraey, 2009 ). On the other hand, this parameter is usually chosen by looking at similar aircraft. In fact, in the aircraft design, each parameter depends on everything else of the configuration in a non-linear and very complex fashion. In modern conceptual design, MDO frameworks have a commonplace in the aircraft industry (Mattos and Magalhães, 2012) . Therefore, the horizontal tail, as well as the vertical stabilizer, shall be designed concurrently with wing and fuselage for a clean and efficient design, and picking up a tail volume coefficient makes no sense anymore.
Design for stability
Another design requirement must be examined: aircraft static and dynamic longitudinal stability. The static longitudinal stability is examined through the sign of the longitudinal stability derivative C ma or the location of the aircraft neutral point; the dynamic behavior is associated with autonomous motions such as Dutch roll, spiral divergence and other issues linked to flight quality, which will not be considered in the present work.
For an aircraft with a fixed aft tail, the aircraft longitudinal stability derivative is determined as Eq. 7:
Taking into account that, we have Eq. 8:
Because the tail operates in the downwash field of the wing (for conventional, aft-tail configurations), the effective tail angle of attack is reduced. According to Roskam (1971) , the parameter dε/dα can be estimated by Eq. 9:
where: 
When the derivative C ma is negative or the neutral point is behind the aircraft CG, the aircraft is said to be statically longitudinally stable. The limit of the design is found when Eq. 9 is set to zero and therefore Eq. 12 is obtained.
Obtaining the horizontal tail area
Eqs. 4 and 12 provide two relationships between the area ratio (S h /S w ) and x cg-ac . These equations can now be combined into a single graph (Scholz, 2011) . It should be observed that the aft center of gravity must be positioned at a safe distance to the natural stability limit. For a jet transport aircraft, Roskam established this value as 5% of MAC. However, according to Raymer (1999) , this can be further reduced to 3% of MAC. The permitted areas of focus are now between the limit lines of controllability and those of the stability requirement. Between these lines now, the required CG range can thus be fitted to find out the smallest HT surface area. The region of interest lies above the horizontal green line in Fig. 8 . Table 3 shows the CG variation for some airliners. The three-engine DC-10 intercontinental airliner has the lowest CG variation among all airplanes listed in 
VERTiCAl STABilizER
Two criteria were adopted for the vertical stabilizer sizing: static stability and controllability. Th e fi rst condition is related to stability. Th e tailplane may be sized to fulfi ll a desired coeffi cient value that incorporates the variation of yawing moment coeffi cient with yaw angle, C nβ . Th e fuselage and VT are the airplane components that signifi cantly impact its directional stability. When an airplane experiences a sideslip angle, in general the fuselage alone will generate a moment that tends to increase the sideslip angle, which is a destabilizing and undesirable condition. Th e VT plays a major role to the static directional stability. When the airplane experiences a sideslip angle, the VT has the same aerodynamic eff ects as wings at angle of attack, but at diff erent planes. Th us, it generates a moment relative to airplane's CG, which produces a stabilizing one that tends to neutralize the sideslip angle. Th e VT usually has a low aspect ratio, which provides a higher stall angle than high-aspect ratio planforms. If stall occurs, a catastrophic situation may result due to the steady increase of the sideslip angle. Ventral fi ns and stablets are good options to improve Dutch-roll characteristics without an unacceptable weight penalty. Th ese surfaces provide a stable yawing moment at larger sideslip angles. Th e second consideration for vertical tailplane sizing is associated with controllability. Th is criterion may be determinant for a multi-engined underwing confi guration. Loss of power on the number 1 engine, which are numbered from port to starboard, requires that the pilot simultaneously apply right rudder to correct the resulting yaw moment due to asymmetric thrust condition. Also, it should be applied a rolling moment to the right both to hold the starboard wing low and balance the rolling moment due to the rudder. Th e low starboard wing produces a side force on the airplane that balances that generated by the rudder defl ection.
Engine failure at takeoff poses a critical condition for the VT design. In this case, the remaining engine (or engines) must provide enough thrust to maintain the required rate of climb with the additional drag caused by rudder and aileron defl ections. Trim drag due to rudder defl ection and to a lesser extent aileron defl ection may be critical in meeting FAR.121 climb requirements for the second segment, especially for twin-engine airplanes.
An additional vertical tail-sizing requirement, which is harder to calculate, is to keep directional control while on the ground. Th e tail must be sized such that the minimum control speed on the ground (V MCG ) is less than the takeoff decision speed (V 1 ). If this is not the case, and V MCG is greater than V 1 , then the situation may arise in which critical engine failure occurs above V 1 . In such situation, the pilot has to continue the takeoff (because V 1 has been exceeded), but the airplane lacks adequate lateral control while still on the ground. Th e requirements for V MCG are given in FAR 25.149(e). Th ey are to lose the most critical engine, apply the rudder (without the use of nose wheel steering), and maintain control down the runway with a maximum of 30 feet (~ 10 m) lateral deviation from the runway centerline. In fl ight test, this is performed at successively lower speeds until the pilot can no longer maintain 30 feet lateral deviation. If additional control power is required for a derivative design (such as having increased engine thrust), improved rudder eff ectiveness may be achieved by adding vortex generators to the vertical stabilizer (as was done on the L1011 for one customer with particularly short runway, and reduced V mca , requirements). If that does not work, a doublehinged rudder might fi x the problem. Th is was done on the In Eq. 15, V n is the nozzle exit velocity and V n /V = 0.92, 0.42 for high-and low-bypass ratio turbofans, respectively. Torenbeek's wind milling drag equation (Torenbeek, 1982) was validated against the flight test data of 747 (Grasmeyer, 1998 ). Torenbeek's equation for the estimation of wind milling drag coefficient shows relatively good agreement with the flight test data over a range of Mach numbers.
Th e maximum available yawing moment coeffi cient is obtained at an equilibrium fl ight condition with a given bank angle and a maximum rudder defl ection (δr). Th e bank angle is limited to a maximum of fi ve degrees by FAR 25.149, and the aircraft is allowed to have some sideslip (β) (Grasmeyer, 1998) . Th e sideslip angle is found by summing the forces along the y-axis:
We considered in the present work that β = 1 and ϕ is obtained from Eq. 17:
Considering that C yδa ~ 0, Eq. 17 can be simplifi ed to Eq. 18: , we set this value for ϕ in Eq. 16 and then β is obtained instead of fi xing a value for ϕ. Th us, if the pilot slightly increases the sideslip angle further than one degree, he/she will have a safe margin for the increase of the C n available . In addition, if one engine is inoperative, drag could become a critical issue if the sideslip angle were excessively increased.
Aft er the values for β and ϕ are known, the aileron defl ection required to maintain equilibrium fl ight is obtained by summing the rolling moments about the x-axis:
Th e rudder defl ection is initially set to the given maximum allowable steady state value, and the bank angle and aileron Boeing 747SP (along with increased tail height) to make up for the shortened fuselage (and thus reduced rudder moment arm), and also on the DC-10.
Design for controllability
Th e required yawing moment coeffi cient to maintain steady fl ight with one failed outboard engine at 1.2 times the stall speed is as specifi ed by FAR 25.149. Th e remaining outboard engine must be at the maximum available thrust, and the bank angle cannot be larger than fi ve degrees. Figure 9 shows the engine-out situation for a twin-engine confi guration. Th e engine-out constraint is established by constraining the maximum available yawing moment coeffi cient (C n available ) to be greater than the required one (C n req ) for the engine-out fl ight condition (Eq. 13): In Eq. 14, T is the takeoff thrust and D windmill is the wind milling drag of the failed engine.
Th e drag due to the wind milling of the failed engine is calculated using the method described in Appendix G-8 of Torenbeek (1982) . Th us, we have
where 2 2 2 Re 2 0.075
defl ections for equilibrium fl ight are determined by Eqs. 19a and b. Th e maximum allowable steady-state defl ection is typically 20 to 25 degrees. Th is allows for an additional fi vedegree of defl ection for maneuvering.
Th e maximum available yawing moment is found by summing the contributions due to the ailerons, rudder, and sideslip (Eq. 20):
Design for stability
Th e remained condition for the design of the vertical stabilizer considers that the airplane is experiencing a sideslip angle (Fig. 10) . In this situation, the yaw moment balancing when a sideslip angle is present is enforced Terms in Eq. 23 are calculated according to Roskam's methodology (Roskam, 1971) :
Th e stability derivative C yβVT in Eq. 26 can be calculated by 
In Eq. 30, Z w is a vertical distance between the wing quarter-chord at the location of mean aerodynamic chord and the fuselage centerline, positive downwards.
Eq. 24 is analyzed at the beginning and end of the cruise. Th e most critical condition is then considered.
RESULTS
Before integrating the present methodology into an airplane design application, a numerical tool written in MATLAB ® language was developed for tailplane analysis only. The main reason for creating such tool was the validation of the methodology described in the preceding sections. This tool, which was named ITAIL, presents a graphical interface as shown in Fig. 11 . Stability derivatives were calculated according to the methods proposed by Roskam (1971) . The incorporation of ITAIL into AA will be further described. 
Eq. 21 can be further developed resulting in Eqs. 22 and 23. 
ITAIL
ITAIL offers users the possibility of choosing some airliners from a drop-down menu. A broad range of airliners is represented from the regional jet CRJ-100 to the Boeing 747-100. Some characteristics of the airplanes used in the validation process are listed in Table 4 . Both T-tail as well as the conventional tail configuration were considered. Aircraft manufacturers usually bring into market stretched or shortened variants featuring some shared components with a baseline configuration. Usually, stabilizers are designed for the baseline configuration in some cases, taking into account characteristics of the remaining ones. Stretched versions will not be the cause of major concerns because the HT and VT arms will turn these surfaces more effective. However, shortened ones will require larger tailplanes. For this reason, the validation airplanes considered here are baseline configurations from which others were derived. Most airplane data used for ITAIL validation were taken from online sources (Jenkinson, Simpkin and Rhodes, 2011) . Table 5 compares some calculated stability derivatives to values obtained from flight tests (Heffley and Jewell, 1972) . Calculated values for the airliners that were taken for validation are shown in Table 6 . The highest deviation found was that for the Boeing 737-100 HT area, 6.5%. The 
WEIGHT (kg)
agreement between calculated and actual figures for the areas can be considered excellent. The factor that determined the Fokker 100 VT area was stability. Considering that this airplane has aft mounted engines, the controllability criterion is not the critical one. A post-design check in order to guarantee that the dynamic stability behavior will be satisfactory is obviously required. The results presented here corroborates that tailplanes areas of airliners can be usually determined by considering static stability requirements, with undesired dynamic behavior being fixed during flight test campaign if needed. Furthermore, design teams should be aware that aerodynamic phenomena like high interference drag, wake vortex and localized flow separation can turn tailplanes less effective and this issue must be carefully analyzed. Figure 12 displays the V mca and stall speed variation with takeoff weight for the B-757-200 airliner. The kink in the graph can be credited to the fact that solution for the V mca calculation is driven by two kinds of constraints: limitation of rudder or aileron deflection. In fact, the lower boundary represents 60.0% of the MTOW and may not be an operating condition. V mca may become an important driver for the design of the VT if takeoff field length or climb requirements in second segment are very stringent. 
EnhAnCED AEROnAuTiCAl AiRplAnE
After ITAIL was validated against HT and VT areas found in a large variety of transport airplane areas, its methodology was incorporated into AA. From this point on, the ability of the enhanced AA to correctly calculate VT and HT areas was put under scrutiny. For this purpose, data of the Fokker 100 airliner were input in that application. Establishing a constraint to the static margin to be exactly 12.5% of MAC, the convergence process to determination of the HT area can be seen in Fig. 13 . The parameter XLE in the abscissa axis is the distance from the airplane nose of the wing leadingedge point in the fuselage centerline. Figure 14 reveals the geometry variation and the wing repositioning until the convergence was achieved. AA also provides an artistic view of the final configuration, which was displayed in Fig. 14. The HT area that was calculated by AA was 22.1 m 2 , a deviation of 2.3% when compared to the Fokker 100 actual HT area, which is displayed in Table 5 .
The VT area obtained with AA was then 13.6 m 2 , which obeys three criteria:
• the criterion that V mca < 1.2 V s at MTOW, sea level takeoff resulted in an area of 6.2 m 2 ; • the controllability requirement demanded an area of 9.7 m 2 ; and • the static stability imposed the ultimate area of 13.6 m 2 and drove the sizing.
A study about the impact of the variation of the quarterchord sweepback angle on the tailplane areas was carried out with AA using the Fokker 100 as baseline airplane. The results displayed in Fig. 15 indicated a of 22% if the sweepback angle varies from 17.5 to 33 degrees. No significant impact on VT area was recorded as expect. Sweptwing airplanes records improved directional stability because a restoring moment arises due to the differential drag forces acting on the port and starboard wings (Fig. 15 at bottom) . For this reason, no significant change in VT area is expected as sweepback angle is increased taking into account that for aft-mounted engine configurations the stability criterion is critical. Figure 16 compares the calculated configurations for two configurations with distinct wing quarter-chord sweepback angles, 17.5 and 28 degrees. Static margin was fixed as 12.5% of MAC for both simulations and the vertical tail is the same for both configurations. The Fokker 100 is displayed in green colors and features a larger horizontal tail than that of the confi guration with higher sweepback angle. Th e CG location for the empty airplane and the wing aerodynamic center do not change signifi cantly for both confi gurations. AA also provides an output graph of the short period frequency requirements for longitudinal fl ight quality in order to verify if the design complies with (Fig. 17) . 
CONCLUDING REMARKS
A MATLAB ® application called ITAIL was developed to validate a methodology for vertical and HT sizing of transport airplanes. ITAIL employs static stability and controllability criteria for tailplane design. Th e highest deviation found by the ITAIL application was that for the Boeing 737-100 HT area, i.e. 6.5%. Th e agreement between calculated and actual fi gures for the areas can be considered excellent. A post-design check in order to guarantee that the dynamic stability behavior will be satisfactory is required. Th e results presented here corroborates that tailplanes areas of airliners can be usually determined by considering static stability and controllability requirements,, with undesired dynamic behavior being fi xed during fl ight test campaign if necessary. Th e methodology embedded in ITAIL avoids a very arbitrary criterion to the sizing of transport airplanes tail surfaces, i.e. the tail volume coeffi cient. Th anks to the increase in computing power in the last ten years, conceptual airplane design has steadily become more sophisticated and has incorporated higherfi delity techniques to model airplane geometry and aeronautical disciplines. In this context, dropping very inaccurate methods like the tail volume coeffi cient fi ts well in this trend. An existing airplane calculator designated AA was enhanced with a higher fidelity approach for sizing horizontal and vertical tailplanes. AA is a MATLAB ® application tailored to be incorporated into MDO frameworks. Results obtained with AA using the methodology described in this work and incorporated by ITAIL revealed an excellent agreement with the VT and HT areas of the Fokker 100 airliner fitted with Rolls&Royce Tay 620 engines. V mca may become an important driver for the design of the VT if takeoff field length or climb requirements in second segment are very stringent. Both ITAIL and AA applications already consider V mca for the VT sizing.
